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. This isA B S T R A C T
Assumptionof material homogeneity is not realistic in study of the mechanical behavior of
concrete. When a concrete specimen under loading condition starts to crack, it changes
from a continuous state into a discrete one. Under such circumstances, application of
classical ﬁnite element methods is no longer valid.
In this study, the authors used the meso-scale modeling inwhich concrete is assumed as
a non-homogeneous three-phase material consisting of three phases; aggregate, cement
paste, and internal transition zone (ITZ). Many mechanical properties of concrete depend
on the size, geometry, and arrangement of its aggregates. In this paper, aggregates of
different sizes are generated with circular, elliptical, and irregular shapes, and then
randomly distributed within the specimen.
The lattice beam ﬁnite elementmethodwas used inwhich a regular or irregular meshing
compromised of beam elements is constructed. This method is used to trace crack paths
when concrete specimen is under loading condition. Three loading tests including three-
point ﬂexural, compression, and tensional tests were done. In order to validate the model,
we expect the crack development of this concrete specimen model to be similar to
previously established models.
ã 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In the past three decades, mechanical behavior of concrete has been frequently reviewed. If concrete is considered as a
homogeneous material, its behavior under loading cannot be understood properly. In fact, assumption of material
homogeneity in the analysis of concrete cracking leads to unrealistic results. Nonlinear behavior in continuous solid bodies
originates from two fundamental factors; material type and geometry. The former is considered when the stress-strain
relation is linear and the latter when a change in the geometry leaves a signiﬁcant effect on the load-displacement behavior
of the material. Three modeling approach can be deﬁned to investigate this issue; macro-scale models, meso-scale models,
and micro-scale models.
In recent decades, researchers have presented various mechanical models based on geometry. These models can be
generally divided into two categories: continuous element models and discrete element models.Shahbazi).
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Yamaguchi and Chen used the ﬁnite element method to study two-phase concrete in two dimensions (using six-node
triangular elements for modeling the aggregates and eight-node tetrahedrons for modeling the mortar matrix) [1].
Mohamed and Hansen presented a 2-D ﬁnite model based on the ﬁnite element analysis [2]. Roelfstra and Wittmann
proposed a model called “numerical concrete model” in which the mortar, aggregates, and the spaces between them were
modeled as a number of elements with smaller size than aggregates one [3]. Lopez et al. ﬁrst proposed a 2D model and
subsequently a 3D model to analyze two-phase concrete specimens [4,5]. Proposing a three-phase 2D model, Zhou and Hao
studied the behavior of concrete under dynamic tensile loading [6].
1.2. Discrete element models
These methods were ﬁrst investigated by Cundall and Strack to analyze the stone [7]. Based on this method, the rigid
body-spring model (RBSM) was later developed by Kawai [8] The lattice beammethod which ﬁrst introduced by Hrennikoff
is another discrete elementmethod [9]. After somemodiﬁcations, Liu and Liang and used the lattice beammodel to study the
process of crack development in concrete specimens under pseudo-static and dynamic analyses [10]. It was shown in 1975
that cracking behavior improves if concrete were reinforced with steel ﬁbers. Özcan et al. used ANSYS to study the behavior
of steel ﬁber reinforced concrete (SFRC) under pseudo-static loading [11].
Analysis of cracking in concrete is not possible through implementing classical methods because the environment is
changed from a continuous state into a discrete state. Since structures tolerate these loads through absorbing energy, the
strain energy absorption as well as ductility play important roles in the structure stability. Due to its brittle behavior,
unreinforced concrete is not considered a suitable material. Using ﬁbers causes a ductile response and prevent a sudden
rupture in concrete. Macroscopic phenomena such as ductility are in fact the result of a microstructural process occurring
within the concrete internal structure. To study themicrostructure of concrete, thismaterial should be examined at a smaller
scale. Due to the high computational power of computers today as well as the importance of high accuracy in research, the
meso-scale modeling is the best modeling method. In this model, concrete is considered as a three-phase compound
material consisting of aggregate, cement mixture matrix, and internal transition zone (ITZ). Aggregates have a signiﬁcant
effect on the mechanical behavior of concrete, and – in most studies – their shape is assumed to be circular for simplicity.
However, in this study, the aggregates are randomly simulated in different shapes including circular, elliptical, polygonal, and
irregular shapes to obtain more realistic results. In addition, ﬁbers with different lengths and thicknesses are added to the
specimen.
The main purpose of this study is to build a more realistic model in which aggregates have different shapes. Then the
concrete specimen can be analyzed under different loading conditions. In order to build the concrete specimen, themodeling
code is ﬁrst written in MATLAB, turned into PYTHON ﬁle format, and then imported to ABAQUS. In next step, ABAQUS is
utilized to study and analyze the forces and stresses developed in the specimen. In addition, the lattice beam ﬁnite element
method is used in order to trace the crack paths.
2. Theory
Concrete is a compound material where aggregates are randomly placed within the cement paste. The internal structure
of concrete is then far non-homogeneous due to the existence of two different phases therein and complex due to the
randomness of aggregate arrangement. In addition, during concrete batching, water tends to accumulate around the
boundaries of coarser aggregates [12], thus making the cement paste structure around those aggregates weaker than other
regionswithin the concrete. These vulnerable regions are called internal transition zones (ITZ) and in spite of their negligible
thickness (approximately 50 micrometers), they inﬂuence the mechanical behavior of concrete signiﬁcantly [13]. Therefore,
in this paper concrete is considered as a three-phase material consisting of aggregates, the cement paste, and ITZ.
3. Creating the meso-scale structure
To evaluate the behavior of concrete in the meso-scale state, it is necessary to build a random geometry for the concrete
specimen. This geometry which comprises aggregates shape, size, and distribution should be as similar to real specimen’s
one as possible. The basis of building this geometry is the randomdistribution of the aggregates and ﬁlling the voids between
themwith cement paste. Since formation of the cement layer can be determined just based on distribution of the aggregates,
a separate study of this layer is not necessary [13,14].
3.1. Building the aggregate part of the concrete specimen
Aggregates comprise 60–80% of a given concrete volume, and their size and shape inﬂuence the properties and mix
design of concrete signiﬁcantly. Aggregates can be generally classiﬁed into two groups: ﬁne-grained aggregates and coarse-
grained aggregates. The grain size in coarse grained aggregates is larger than 4.75mm. For simplicity, most researchers use
circular coarse-grained aggregates. To present a more realistic simulation in this study, both types of ﬁne and coarse grained
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aggregates in the modeling process [13,14].
Three types of aggregates are assumed in the specimen; circular, elliptical, and irregular shapes. Circular and elliptical
aggregates are made by their parameters namely, center points, radius, but irregular shapes have not speciﬁed deﬁnition.
Fig. 1 shows the algorithm of making different shapes of an aggregate.
As can be clearly seen, two conditions were speciﬁed in the code algorithm to prevent formation of unacceptable shapes
including shapes with a dimensional ratio greater than 1.5 as well as formation of non-convex shapes. Fig. 2 shows some
unacceptable shapes of an aggregate.
3.1.1. Aggregate distribution
Grading curves illustrate the percentages of a given sample ofmaterial that pass through each of a speciﬁc series of sieves.
Fuller presented one of the most well-known grading curves (Fig. 3). The Fuller grading curve is obtained by plotting the
following simple relation:[(Fig._1)TD$FIG]p dð Þ ¼ 100 d
dmax
 h
ð1ÞIn this relation, p (d) is the cumulative sieve fraction passing through a sieve with diameter d, d max is the diameter of the
coarsest aggregate, and h is a number between 0.45 and 0.7 (assumed to be 0.5 in this study) [22].
Inmodeling the concrete, two codes werewritten in theMATLAB environment. In the ﬁrst code, the specimen aggregates
were modeled and then distributed across the model surface. The second code generated the lattice beam structure and
implemented it throughout the model.Fig. 1. Algorithm of making different aggregate.
[(Fig._2)TD$FIG]
Fig. 2. Unacceptable shapes of an aggregate.
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covered by aggregates. First the grading curve is divided into several intervals and the percent of aggregates in each interval
is determined. Model aggregates are then generated with same percentage in each intervals based on fuller grading curve.
The areas ratios of each diameter interval are given in Table 1. Aggregates were then laid out in the specimen in descending
order of their areas. During running of the layout stage, the true or false state of the “area threshold condition” (i.e., the area
being less than the threshold) was constantly investigated.
Then different geometrical shapes is randomly distributed throughout the specimen in each diameter interval. Two
conditions were speciﬁed in the code algorithm to prevent formation of unacceptable shapes including shapes with a
dimensional ratio greater than 1.5 as well as formation of non-convex shapes. Furthermore, a minimum distance between
adjacent aggregates was considered to be 0:1 daþdbð Þ2 according to Schlangen and Van Mier suggestion [15].
Another noticeable point at this stage is aggregates distribution based on their shapes in each diameter interval. The
specimen was set to build tetrahedral, circular, and elliptical aggregates in ratios of 4, 2, and 1 respectively. To this end, the
strict alternation algorithmwas used [16]. In this algorithm, each shape is represented by a ﬂag with initial value of one. This
ﬂag helps in continuing aggregate layout until the desired numbers of each shape has been deﬁnitely placed into the
[(Fig._3)TD$FIG]
Fig. 3. Fuller’s grading curve.
Table 1
Area-based aggregate grading.
Aggregate Diameter (mm) Aggregate Area Ratio (%)
0–1 5
1–2.36 9
2.36–4.75 17
4.75–10 19
10–19 16
19–25 26
25–32 8
[(Fig._4)TD$FIG]
Fig. 4. Algorithm of Aggregate Distribution.
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After the desired number of the speciﬁc shape has been reached, the ﬂag corresponding to that shape is removed (set to zero)
and the ﬂag corresponding to the next shape assumes a value of one. This process continues alternatively until area threshold
condition for the ongoing diameter interval is satisﬁed. Then the whole process is repeated for next diameter interval. Fig. 4
shows the algorithm of Aggregate Distribution in the specimen.
Fig. 5 shows some Unacceptable condition for aggregates.
The output of abovementioned MATLAB code was turned into the PYTHON ﬁle format and then imported to ABAQUS for
subsequentmodeling of the specimen. Fig. 6 demonstrates the built specimenwith laid out aggregates of different shape and
size.
3.1.2. Building and layout of ﬁbers
Steel bars, or other ﬁber elements are added to concrete mixture in construction of buildings and structures. These added
ﬁber elements play an important role in the analysis because they contribute to higher strength and more ductile failure of[(Fig._5)TD$FIG]
Fig. 5. Unacceptable condition for aggregates.
[(Fig._6)TD$FIG]
Fig. 6. Final aggregate specimen built via Python in ABAQUS.
S. Shahbazi, I. Rasoolan / Case Studies in Construction Materials 6 (2017) 29–42 35concrete specimen. In this study, it is possible to add steel ﬁber elements to the specimen. In the geometrical simulation of a
concrete specimen, two parameters need to be known; ﬁber to concrete area ratio and dimensions of ﬁber elements. Fig. 7
shows Building and Layout of Fibers in the specimen.
Fiber to concrete area ratio of 3% was assumed. Three percent reinforcement is selected ﬁrstly because it is within the
allowable reinforcement ratio in design codes and secondly because it is a reasonable value which reduce unnecessary
computational burden. proposed that the dimensional ratios of the tetrahedral ﬁbers to be between 25 and 100 [17]. It was
assumed that all ﬁber elements have rectangular shape with dimensional ratios of 40. Having area and dimensional ratio of
ﬁber elements, the number of these ﬁbers was easily calculated with dividing total areas of the ﬁber elements by the area of
one element. Fig. 8 shows the reinforced concrete specimen with ﬁbers.
3.1.3. Properties of concrete specimen components
After generation and distribution of specimen components including aggregates, ﬁbers, and cement paste, we need to
attribute their properties such as module of elasticity and maximum tensile stress. Table 2 shows the properties of the
different phases of concrete obtained from experimental works conducted by such researchers [15,18,19].
4. The lattice beam model
4.1. Theory
Atﬁrst, a squaremeshingwith dimension of g is generated. In each of these squares, new squareswith sides of s (s< g) are
put withinwhich a point is randomly selected. According to theory of the lattice beammethod, three values of rmax, rmin, and
angle a are calculated based on g and s values. In next stage, all of random points are connected to each other except those
with distance beyond rmax or less than rmin or connected lines with angle greater than a. In this paper, a value of 2.4 is
selected for g to avoid additional computational burden whilst maintaining the accuracy. Values of s, rmax, rmin, and a are
accordingly determined as 1.44, 4.8, 0.72, and 20 respectively [15,20]. Fig. 9 displays the lattice beam specimen generated
with these values.
4.2. Analysis of the model
The elastic analysis is conducted on the specimen until rupture occurs under the applied loading, and then, the beam
element wherein the maximum effective stress has been surpassed is eliminated from the meshing. Subsequently, the next
critical beam is identiﬁed, and the same procedure is similarly repeated. Thus, cracking is simulated. The effective stress is a
combination of the normal and the ﬂexural stresses developed in the beam [15,21,22]:s ¼ N
A
 amax jMij;Mjj
 
W
ð2Þ
[(Fig._7)TD$FIG]
Fig. 7. Building and Layout of Fibers.
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sectional area of the beam; and W ¼ bh2
.
6
is the section modulus of the beam. Parameter a varies for different bending
values, its decrease leading to a change in the compression behavior (from brittleness to ductile).
5. Adapting lattice beam model to actual test specimen
After generation of meso-scale concrete specimen and lattice beam model, these two should be coincided to determine
properties of beams. First, the coordinates of the nodes at the beginning and end of each beam is examined. If both these
nodes lie within the aggregates region, then the beam adopts the characteristics of these aggregates. If both the nodes are
located in the cement paste, then they are given the same characteristics as the cement paste. If one node lies in the aggregate
and the other in the cement paste, then the beamwould adopt the ITZ characteristics. Finally, if either beginning or ending
nodes lie within the ﬁber region, then the characteristics of the ﬁber are attributed to the beam. Fig. 10 represents adapted
lattice beam model to concrete specimen.
6. Validation of model
In previous sections,meso-scale three phase concrete specimenwasmodeled. Thismodel turned into PYTHON ﬁle format
and then imported to ABAQUS. In order to validate this model, it should be subjected to several loading conditions. Three-
point ﬂexural test, compression test, and tensional test are selected by which we have assessed validation of this model.
[(Fig._8)TD$FIG]
Fig. 8. Concrete specimen with ﬁbers constructed via Python in ABAQUS.
Table 2
Beam characteristics in different phases.
Phase Modulus of Elasticity (GP) Maximum Tensile Stress (MP) Maximum Strain (%)
Different Aggregates 65–25 21–5 0.08–0.0076
Cement Paste 30–15 6–3 0.01–0.02
ITZ 10–22 1.5–3 0.03–0.0068
(Steel) Fibers 160 800 0.5
[(Fig._9)TD$FIG]
Fig. 9. Lattice beam specimen generated via Python in ABAQUS.
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[(Fig._10)TD$FIG]
Fig. 10. Adapted lattice beam model to the concrete specimen generated via Python in ABAQUS.
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In this test, a 40mm80mm320mmbeamwith an 8mmgap in the bottom of itsmid span is exposed to point loading
applied at the upper part of themid span (Fig.11). This experimentwas ﬁrst conducted by kozicki. The developed crack in the
specimen as a result of this loading is shown in Fig. 12 [14].
This specimenwas modeled using the lattice beammethod (Fig. 13) and then adapted to the concrete specimen (Fig. 14).
Then the model is subjected to point loading at the top mid span of specimen until crack starts to develop (Figs. 15–17).
As expected, crack started from the existing notch at the beam mid span and spread towards the loading point. The
crackingmoved through the ITZ and cement paste phaseswhich areweaker, but tried to encircle the aggregates (Fig.15). This
is a reasonable crack development as aggregates are stronger than other two phases. Furthermore, this crack is quite similar
to crack developed in kozicki’s model which validates this model.
Many researchers have assumed aggregates to be rigid in their models which are an unrealistic assumption. This
assumption imposes this limitation that crack path cannot penetrate through aggregates and must encircle them. One of
advantages of lattice beams is that the likelihood of cracks penetrating into the specimen aggregates can be investigated
since they are not rigidly modeled. Fig. 15 shows sporadic crack penetration to aggregates at some spots, despite the crack
path generally tried to encircle the aggregates due to their higher strength.
6.2. Compression test
In Compression test, a 200mm200mm specimenwith a ﬁxed support at its bottom is exposed to a uniform downward
loading at its upper side. This test is done using current model and Kozicki and Tejchman’s one and resulted cracks is
portrayed in Fig. 18 [14,23] (Table 3).
Direction and pattern of crack development are very similar in both models. In Kozicki and Tejchman’s model, several
inclined cracks are observed but general direction of cracks are vertical as they are in current model. A single continuous[(Fig._11)TD$FIG]
Fig. 11. Dimensions of the beam tested by kozicki.
[(Fig._12)TD$FIG]
Fig. 12. The crack created in the experimental (test) specimen.
[(Fig._13)TD$FIG]
Fig. 13. Different phases of the three-point ﬂexural specimen generated via Python in ABAQUS.
[(Fig._14)TD$FIG]
Fig. 14. Adapting the lattice beam to the specimen generated vie Python in ABAQUS.
[(Fig._15)TD$FIG]
Fig. 15. shows the lattice beams that exceeded their allowable stress limits.
[(Fig._16)TD$FIG]
Fig. 16. Experimental force-displacement diagram tested by kozicki.
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[(Fig._17)TD$FIG]
Fig. 17. Force-displacement diagram using 3 types ﬁber elements.
[(Fig._18)TD$FIG]
Fig. 18. Cracks developed due to compression test in a) Kozicki and Tejchman’s specimen b) current specimen.
Table 3
Force and displacement improvement in compression test.
Maximum displacement improvement (%) Maximum force improvement (%) Length and percentage of ﬁber elements
48 50 3% with 20mm length
112 81 3% with 30mm length
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[(Fig._19)TD$FIG]
Fig. 19. Cracks developed due to tension test in a) Kozicki-Tejchman specimen b) current specimen.
Table 4
Force and displacement improvement in tension test.
Maximum displacement improvement (%) Maximum force improvement (%) Length and percentage of ﬁber elements
61 65 3% with 20mm length
135 85 3% with 30mm length
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crack development in this specimen with Kozicki and Tejchman’s one indicates validity of this model.
6.3. Tension test
In tension test, a 200mm200mm specimenwith an 8mm notch at its mid height with a ﬁxed support at its bottom is
exposed to a uniform upward loading at its upper side. Tension test is done using currentmodel and Kozicki-Tejchman’s one
and resulted cracks are shown in Fig. 19 (Table 4).
Comparing the cracks developed in Kozicki-Tejchman and current specimen, we observe that there is a reasonable
agreement between the two test results. In both specimens, crack started to develop from left side near the notch and
propagated in horizontal direction. The slight differences observed are due to the difference in grading curves and random
distribution of the aggregates.
7. Conclusion
In this study, themeso-scale modeling of concrete has performed using lattice beammethod. Concrete is assumed to be a
non-homogeneous three-phase material consisting of three phases; aggregate, cement paste, and internal transition zone
(ITZ). The main contribution of this paper is to consider aggregates with different circular, elliptical, and irregular shapes
whilst only circular shape has been previously investigated. Lattice beammethod was used for modeling concrete in which
aggregates are seen as a non-rigid material that can be cracked. Therefore it is possible for crack path to penetrate through
the aggregate phase in a similar way as they do in other phases of concrete. This point wasmissed out in previous studies for
simplicity purposes.
After generation of meso-scale concrete specimen and lattice beam model, these two were coincided to determine
properties of beamswhich can be aggregate, cement paste, ITZ, or ﬁber using coordinates of the beginning and ending nodes.
In order to validate this model, it was subjected to three-point ﬂexural, compression, and tensional tests. Crack
development due to loading over concrete specimen were quite similar to previously established models which conﬁrms
validity of this model.
For further researches, authors suggest to model concrete specimen as a three dimensional material in which spherical,
ellipsoid, and polyhedron shapes are assumed for aggregates.
42 S. Shahbazi, I. Rasoolan / Case Studies in Construction Materials 6 (2017) 29–42References
[1] E. Yamaguchi, W.-F. Chen, Microcrack propagation study of concrete under compression, J. Eng. Mech. 117 (3) (1991) 653–673.
[2] A.R. Mohamed, W. Hansen, Micromechanical modeling of crack-aggregate interaction in concrete materials, Cem. Concr. Compos. 21 (5) (1999)
349–359.
[3] P. Roelfstra, F. Wittmann, Numerical Method to Link Strain Softening with Failure of Concrete. Fracture Toughness and Fracture Energy of Concrete,
(1986) , pp. 163–175.
[4] C. López, Microstructural Analysis of Concrete Fracture Using Interface Elements. Application to Various Concretes, Universitat Politecnica de
Catalunya, Barcelona, Spain, 1999 (Doctoral Thesis ETSECCCP-UPC, E-08034).
[5] Microstructural analysis of concrete fracture using interface elements, in: C.M. López, I. Carol, A. Aguado (Eds.), Proc, European Congress on
Computational Methods in Applied Sciences and Eng, 2000.
[6] X. Zhou, H. Hao, Mesoscale modelling of concrete tensile failure mechanism at high strain rates, Comput. Struct. 86 (21) (2008) 2013–2026.
[7] P.A. Cundall, O.D. Strack, A discrete numerical model for granular assemblies, Geotechnique 29 (1) (1979) 47–65.
[8] T. Kawai, New discrete models and their application to seismic response analysis of structures, Nucl. Eng. Des. 48 (1) (1978) 207–229.
[9] A. Hrennikoff, Solution of problems of elasticity by the framework method, J. Appl. Mech. 8 (4) (1941) 169–175.
[10] J. Liu, N. Liang, Algorithm for simulating fracture processes in concrete by lattice modeling, Theor. Appl. Fract. Mech. 52 (1) (2009) 26–39.
[11] D.M. Özcan, A. Bayraktar, A. Şahin, T. Haktanir, T. Türker, Experimental and ﬁnite element analysis on the steel ﬁber-reinforced concrete (SFRC) beams
ultimate behavior, Constr. Build. Mater. 23 (2) (2009) 1064–1077.
[12] A geometrical inclusion-matrix model for the ﬁnite element analysis of concrete at multiple scales, in: S. Häfner, S. Eckardt, C. Könke (Eds.),
Proceedings of the 16th IKM, 2003.
[13] Microstructure and fracture at the cement paste-aggregate interface, in: L. Struble (Ed.), MRS Proceedings, Cambridge Univ Press, 1987.
[14] J. Kozicki, Application of Discrete Models to Describe the Fracture Process in Brittle Materials, Gdansk, University of Technology, 2007.
[15] E. Schlangen, J. Van Mier, Simple lattice model for numerical simulation of fracture of concrete materials and structures, Mater. Struct. 25 (9) (1992)
534–542.
[16] A. Silberschatz, P.B. Galvin, G. Gagne, A. Silberschatz, Operating System Concepts, Addison-Wesley Reading, 1998.
[17] Y.Mohammadi, S. Singh, S. Kaushik, Properties of steel ﬁbrous concrete containingmixed ﬁbres in fresh and hardened state, Constr. Build. Mater. 22 (5)
(2008) 956–965.
[18] P. Robins, S. Austin, P. Jones, Spatial distribution of steel ﬁbres in sprayed and cast concrete, Mag. Concr. Res. 55 (3) (2003) 225–235.
[19] P.K. Mehta, Concrete Structure properties and materials, 1986.
[20] G. Cusatis, Z.P. Bazant, L. Cedolin, Conﬁnement-shear lattice model for concrete damage in tension and compression: II: Computation and validation, J.
Eng. Mech. 129 (12) (2003) 1449–1458.
[21] H.-K. Man, J. Van Mier, Damage distribution and size effect in numerical concrete from lattice analyses, Cem. Concr. Compos. 33 (9) (2011) 867–880.
[22] A.J. Wagner, A Practical Introduction to the Lattice Boltzmann Method. Adt Notes for Statistical Mechanics, (2008) , pp. 463–663.
[23] J. Tejchman, J. Kozicki, Experimental and Theoretical Investigations of Steel-ﬁbrous Concrete, Springer, 2010.
